Abstract An effective immune response to vaccination is, in part, a complex interaction of alleles of multiple genes regulating cytokine networks. We conducted a genotyping study of Th1/Th2/inflammatory cytokines/cytokine receptors in healthy children (n=738, 11-19 years) to determine associations between individual single-nucleotide polymorphisms (SNPs)/haplotypes and immune outcomes after two doses of rubella vaccine. SNPs (n=501) were selected using the ldSelect-approach and genotyped using Illumina GoldenGate™ and TaqMan assays. Rubella-IgG levels were measured by immunoassay and secreted cytokines by ELISA. Linear regression and post hoc haplotype analyses were used to determine associations between single SNPs/haplotypes and immune outcomes. Increased carriage of minor alleles for the promoter SNPs (rs2844482 and rs2857708) of the TNFA gene were associated with dose-related increases in rubella antibodies. IL-6 secretion was co-directionally associated (p≤0.01) with five intronic SNPs in the TNFRSF1B gene in an allele dose-related manner, while five promoter/intronic SNPs in the IL12B gene were associated with variations in IL-6 secretion. TNFA haplotype AAACGGGGC (t-statistic=3.32) and IL12B promoter haplotype TAG (t-statistic=2.66) were associated with higher levels of (p≤0.01) rubella-IgG and IL-6 secretion, respectively. We identified individual SNPs/ haplotypes in TNFA/TNFRSF1B and IL12B genes that appear to modulate immunity to rubella vaccination. Identification of such "genetic fingerprints" may predict the outcome of vaccine response and inform new vaccine strategies.
Introduction
In the United States, the licensed rubella vaccine contains the attenuated RA 27/3 strain. While safe and effective (the current two-dose vaccination schedule results in seroconversion rates over 95%), a small minority of individuals do not seroconvert or develop suboptimal antibody titers after vaccination (Boulianne et al. 1995; Singh et al. 1994; Mitchell et al. 1999; Chu et al. 1988; Hillary and Griffith 1984) . These individuals may not be protected against rubella. In spite of the widespread use of rubella vaccine, individual cases and outbreaks continue to occur, including a recent case in Minnesota (Reef et al. 2002) (http://www.health.state.mn.us/news/pressrel/2009/ rubella041709.html).
Humoral responses to rubella immunization have been well-studied, and their role in disease protection is wellestablished (Kurtzman et al. 1989 ). However, cellmediated immunity (CMI) can also confer protection against disease and is crucial in the resolution of many viral infections (Horstmann et al. 1985; Ovsyannikova et al. 2005; Bautista-López et al. 2000) . One hallmark of CMI is the production of key cytokines which shape and coordinate immune responses. Cytokines are essential for the development and functioning of both the innate and adaptive immune responses (Haring et al. 2006; Chabalgoity et al. 2007 ). Cytokine networks are tightly regulated as they mediate their immunomodulatory effects through specific receptors which are regulated by negative and positive feedback mechanisms (Haring et al. 2006; Chabalgoity et al. 2007; Smith and Humphries 2009 ). Innate immunity is regulated by inflammatory cytokines such as IL-6, TNF-α, and GM-CSF. Adaptive immunity is characterized by two broad patterns of cytokine production by T cells: Th1 responses are marked by secretion of IFN-γ and IL-2 and robust cytotoxic T cell activity; and Th2 responses are defined by the production of IL-4, IL-5, and IL-10 with the subsequent generation of humoral immunity. There is considerable cross-regulation of humoral and CMI responses by cytokines, and variations in cytokine levels can have a profound impact on these responses (Rolph and Ramshaw 2003; Smith et al. 1998 ). Comparatively little is known about how cytokines control immune responses to rubella virus.
Genetic variations such as single-nucleotide polymorphisms (SNPs) in the cytokine and cytokine receptor genes can result in imbalances in the cytokine milieu by affecting multiple aspects of cytokine biology, such as transcriptional activity, protein production, receptor binding, and functional activity (Keen 2002; Hollegaard and Bidwell 2006) . The coding region SNPs can interfere with protein transcription and translation by altering the amino acid sequences and subsequent protein structure, which, in turn, can result in a nonfunctional downstream product. Promoter and regulatory regions SNPs may alter the transcriptional activity of corresponding genes. Cytokine receptor SNPs can similarly alter attributes of the receptor proteins and impact cytokine functionality (van Deventer 2000; Hackstein et al. 2001; van de Vosse et al. 2003) . Functional SNPs and their haplotypes that affect gene expression and activity can subsequently influence disease outcome (Hollegaard and Bidwell 2006; van Deventer 2000; Bidwell et al. 1999 Bidwell et al. , 2001 Haukim et al. 2002) .
In the current study, we examined associations between SNPs and the resulting haplotypes in key cytokine and cytokine receptor genes with both humoral and CMI responses to rubella in healthy, school-age children.
Materials and methods

Study subjects
The details of subject consent and recruitment have been previously described (Ovsyannikova et al. 2004 (Ovsyannikova et al. , 2009a . Briefly, the study cohort consisted of a combination of two independent age-stratified random cohorts (n=738, ages 11-19 years) of healthy children and young adults from all socioeconomic strata identified from the Minnesota Independent School District 535, Rochester, MN. Inclusion criteria required each participant to have a written medical record of receiving two doses of measles-mumps-rubella-II (MMR-II) vaccine containing the attenuated RA27/3 Wistar strain (TCID 50 ≥1000) of rubella virus (Merck, Whitehouse Station, NJ). The study was approved by the Mayo Clinic Institutional Review Board. Written, informed consent was obtained from subjects' parents/guardians as well as written assent from age-appropriate children at the time of recruitment in the study. Blood was drawn for sera and peripheral blood mononuclear cell isolation.
Rubella-specific circulating IgG antibody levels
We used the Beckman Coulter Access® Rubella IgG assay on a UniCel® DxI 800 Access® Immunoassay System (Beckman Coulter; Fullerton, CA) to determine rubellaspecific IgG antibody levels in serum as previously described (Greenwood et al. 2009 ). The WHO reference serum was used as a calibrator for the standard curve, and the limit of detection and the cut-off for seronegativity of the assays was 0.5 and 10 IU/mL, respectively. The coefficient of variation of this assay in our laboratory was 6%.
Rubella-specific secreted cytokines
We performed ELISAs to determine rubella-specific secreted cytokines (IL-2, IL-4, IL-5, IL-6, IL-10, IL-12p40, IFN-γ, TNF-α, and GM-CSF) in cell-free culture supernatants using commercially available kits (BD Biosciences Pharmingen, San Diego, CA, USA) using a response-surface methodology approach to pre-optimize conditions for each cytokine as previously described (Ovsyannikova et al. 2009a, b; ).
TagSNP selection from candidate cytokine and cytokine receptor genes
We generated a list (n=32) of candidate cytokine (IL2, IL4,  IL5, IL6, IL10, IL12A, IL12B, IFNA1, IFNA2, IFNA21,  IFNB1, IFNG, TNFA, and CSF2) and cytokine receptor  (IL2RA, IL2RB, IL2RG, IL4R, IL6R, IL6ST, IL10RA, IL10RB, IL12RB1, IL12RB2, IL18R1, IFNAR1, IFNAR2,  IFNGR1, IFNGR2, TNFRSF1A, TNFRSF1B, and CSF2RB) genes involved in Th1, Th2, and inflammatory responses to rubella (Penn and Williams 1984; Tilles et al. 1987; Nakayama et al. 1988; van der Logt and van Loon 1980; Pukhalsky et al. 2003; Akaboshi et al. 2001; Adamo et al. 2008) . TagSNPs within and 10 kb upstream and downstream of the 32 candidate genes were selected using the linkage disequilibrium (LD) tagSNP selection approach (Carlson et al. 2004 ) from the Hapmap Phase II (http://www. hapmap.org), Seattle SNPs (http://pga.mbt.washington.edu/), and NIEHS SNPs (http://egp.gs.washington.edu/). The selection criteria included: SNPs with validation data, successful predictive genotyping scores for Illumina GoldenGate assays, a minor allele frequency (MAF) ≥0.05 and a pairwise LD threshold of r 2 ≥0.90 for Caucasians. Using ldSelect, we binned the tagSNPs by priority of best source of genotypes (the source with the higher number of LD bins for Caucasian samples). In case of a tie, HapMap was used as the best source. The ldSelect selection output files were further refined by post-processing using the SNPPicker program developed to optimize and overcome the Illumina platform constraints on SNPs closer than 60 bp. Finally, we preferentially forced a set of functional "obligate" SNPs to the final list based on a literature review with the preference order of: nonsynonymous coding, synonymous coding, and 5′ or 3′ untranslated regions using SNPPicker. Our SNP selection algorithm resulted in 501 candidate SNPs for genotyping. We used the nomenclature described by den Dunnen and Antonarakis (den Dunnen and Antonarakis 2001) for the genotype variants.
Genotyping methods
Genomic DNA was extracted from frozen blood clots using the Puregene extraction kit (Gentra Systems Inc., Minneapolis, MN) and was quantified using the Picogreen method (Molecular Probes).
The 501 candidate SNPs from cytokine and cytokine receptor genes were genotyped using a custom-designed 768-plex Illumina GoldenGate™ assay (Illumina Inc., San Diego, CA) along with SNPs from other gene families of interest. All SNPs had Illumina design scores >0.4, and all DNA samples (n=738) were genotyped following the manufacturer's instructions as previously described . The BeadStudio 2 software was used to call genotypes. We used Corriel Trio DNA and two other genomic DNA controls for the replicate and inheritance data to review and refine clustering. For initial laboratory quality assurance, we qualified only the samples that had Illumina 10% GenCall scores >0.4 and call rates >90%. BeadStudio genotype data were transferred electronically to SAS for further analysis. SNPs (n=46) that failed genotyping on the Illumina platform were genotyped using PCR-based TaqMan custom-designed assays (Applied Biosystems, Foster City, CA) according to the manufacturer's instructions. The reactions were analyzed on the ABI Prism 7900 using Sequence Detection Software (Applied Biosystems).
Statistical methods
We assessed associations between genetic variation in candidate SNPs and levels of rubella-specific IgG antibody levels and cytokine secretion. Assessments of antibody levels resulted in one recorded value per individual. Assessments of cytokine secretion resulted in six recorded values per individual for each outcome: three prior to stimulation with rubella virus and three post-stimulation. A single summary measurement per individual was obtained for each outcome by subtracting the median of the three unstimulated values from the median of the three stimulated values. Medians were used instead of means because they tend to be better measures of central tendency in the presence of outlying values typically seen in immune response outcomes such as ours. Data based on these summary measures were descriptively summarized across individuals using frequencies and percentages for categorical variables and medians and interquartile ranges for continuous variables.
Observed genotypes were used to estimate allele frequencies for each SNP and departures from HardyWeinberg equilibrium (HWE) were assessed using either a Pearson goodness-of-fit test or, for SNPs with a MAF of less than 5%, a Fisher exact test (Weir 1996) . Estimates of pairwise LD based on the r-squared statistic were obtained using Haploview software version 3.32 (Barrett et al. 2005) . SNP associations with immune response outcomes were individually evaluated using linear regression models. Simple linear regression was used for rubella antibody levels, which had only one measured value per individual. Repeated measure approaches were implemented for cytokine secretion, simultaneously modeling all six observed measurements. The primary test of significance assessed the degree to which the SNP was associated with stimulation-induced differences in the response and was obtained from the covariate reflecting the genotype-bystimulation status interaction. We accounted for withinsubject correlations without imposing any constraints on the nature of the correlations. Primary tests of association assumed an ordinal SNP effect, based on the number of copies of the minor allele. Due to the relatively large number of comparisons, we expect some of these tests to be statistically significant based on chance alone. We addressed this issue using the false discovery rate (FDR), supplementing the per-SNP p values with corresponding q values. Separate sets of q values were calculated for each outcome of interest.
To further explore genomic regions containing statistically significant single-SNP effects for one or more outcomes of interest, we performed post hoc haplotype analyses. Posterior probabilities of all possible haplotypes for an individual, conditional on the observed genotypes, were estimated using an expectation-maximization algorithm, similar to the method outlined by Schaid et al. (Schaid et al. 2002) . This information was used to define haplotype design variables that reflected the number of each of the haplotypes that were expected to be carried by each subject. Analyses were performed on these haplotype design variables using the simple least squares regression approach for antibody levels and the repeated measures approach for the cytokine secretion described above. Because of the imprecision involved in estimating the effects of low-frequency haplotypes, we considered only those occurring with an estimated frequency of greater than 1%. Differences in immune response among common haplotypes were first assessed globally and simultaneously tested for statistical significance using a multiple degree-offreedom test. Following these global tests, we examined individual haplotype effects. These were performed in the spirit of Fisher's protected least significant difference test; individual associations were not considered statistically significant in the absence of global significance. Each design variable (and, for the cytokine secretion data, stimulation status, and the corresponding interaction term) was included in a separate regression analysis, effectively comparing immune response levels for the haplotype of interest against all others combined. Due to phase ambiguity, haplotype-specific medians and interquartile ranges could not be calculated. Thus, descriptive summaries were represented using the t-statistics corresponding to the haplotype main effect term for antibody levels or the haplotype-by-stimulation status interaction term for cytokine secretion. Using the above approach, three haplotype regions were examined: TNFA and rubella antibodies, TNFRSF1B and IL-6 cytokine secretion levels, and IL12B and IL-6 cytokine secretion levels, as detailed in the results section.
All of the association analyses described above were adjusted for age at enrollment, race, gender, age at first rubella vaccination, age at second rubella vaccination, and cohort status (cohort 1 versus cohort 2) in order to account for their potential impact on the measured immune responses. Data transformations were used to correct for data skewness in all linear regression models. An inverse normal transformation was used for all cytokine secretion outcome variables, and a log transformation was used for the antibody response measure. Because of the large number of statistical tests, we considered associations statistically significant only if the resulting p value was ≤0.01. All statistical tests were two-sided and, unless otherwise indicated, all analyses were carried out using the SAS software system (SAS Institute, Inc., Cary, NC).
Results
Overall genotyping performance of the study subjects Our overall genotyping success rate using a combination of the Illumina 768-plex platform and TaqMan custom assays was 94.53% (726 SNPs yielded genotyping data out of 768), and the study sample success rate was 96.75% (714 samples yielded genotyping data out of 738). Forty-six SNPs failed genotyping in Illumina and were re-genotyped in TaqMan custom assays. Overall, three SNPs failed completely for Illumina and TaqMan, resulting in 765 from which 39 SNPs had to be excluded either due to lower call rates (n=6; call rates <95%) or MAF<5% (n=33), resulting in 726 SNPs, of which 501 were cytokine/cytokine receptor SNPs and were included in final analysis for this report. Subject exclusions were made on the basis of inadequate or poor DNA samples (n=6), complete genotyping failure on both platforms (n=4), or low call rates (n=14, call rates <95%). The post-exclusion mean subject call rate was 99.8%, the mean Illumina SNP call rate was 99.9%, the mean TaqMan SNP call rate was 98.2% and the concordance of genotypes among duplicated individuals (including CEPH controls) was 100%. We observed no SNP-specific deviation (p<0.01) from the HWE among the SNPs significantly associated (p≤0.01) with immune response.
Demographic and immunological characterization of the study population
The demographic and immunological characteristics of our combined study cohort of 738 healthy children have been previously described (Ovsyannikova et al. 2009a) . Briefly, the cohort was primarily Caucasian (91%) with 54% males and the median age at enrollment was 15 years (Table 1) . The median age of the study cohort at first and second rubella immunization was 15 months and 11 years, respectively. The median time elapsed between the second rubella immunization, and enrollment was 5.8 years.
The median (IQR) for rubella-specific antibody levels for our study cohort was 34.4 IU/mL (19.2, 63.7 IU/mL). The overall cytokine profile was skewed towards a predominant inflammatory response and has been previously described ). The median (IQR) secretion levels of IL-6 and GM-CSF were 3,681.0 (3,160.0; 4,052.0) and 28.0 pg/mL (23.6, 32.6 pg/mL), respectively, and were detected in virtually all the subjects. TNF-α was detected in 69% of the subjects with median (IQR) secretion levels of 29.7 pg/mL (−7.0, 89.2 pg/mL). Rubellaspecific secretion of the Th1 cytokines IL-2 and IFN-γ was modest, while IL-12p40 was undetectable and hence excluded from association analysis. We observed a suppression in rubella-specific Th2 response (IL-4 and IL-5) and very low levels of IL-10 secretion (Table 1 ). Due to extremely low levels of Th2 cytokines (below the level of detection), we did not perform an association analysis between cytokine and cytokine receptor SNPs and the Th2 cytokines (Table 1) .
Cytokine and cytokine receptor SNP associations with rubella-specific antibodies
We found six cytokine and cytokine receptor SNPs belonging to inflammatory and Th2 cytokine subsets that were significantly (p≤0.01) associated with an increase/ decrease in rubella-specific antibody levels (Table 2) . After adjusting for FDR, only four SNPs remained significant at the q-value=0.20. Major allele C for two SNPs located in the 5′ intergenic region containing the promoter and regulatory regions of the TNFA gene [rs2844482 (TNFA-3752 C>T) and rs2857708 (TNFA-9913C>T)], and one SNP located downstream in the 3′ intergenic region of the TNFA gene [rs2256974 (TNFA+11873C>A)] were associated with variations in rubella antibody levels ( Table 2 ). The two TNFA SNPs rs2844482 (p=0.0002; q=0.09) and rs2857708 (p=0.001; q=0.16) in the 5′ promoter region demonstrated significant linkage (r 2 =0.82) in inheritance. Increased carriage of major allele G for rs7801617 (IL6-8800G>A; p=0.0005; q=0.11) and major allele T for rs4787947 (IL4R-32760T>G) located in the 5′ intergenic regions of IL6 and IL4R genes, respectively, were also associated with a dose-related decrease in rubella antibodies. A propensity towards lower antibody response (p=0.004) was seen with Unless indicated otherwise b Response is defined as the subject-specific median rubella-stimulated response (measured in triplicate) minus the median unstimulated response (also measured in triplicate). Negative values indicated that unstimulated responses were, on average, higher than the response to stimulation IL-12p40 and GM-CSF were assayed at 18 h, IL-4, IL-5, IL-6, and IL-10 at 24 h, IFN-γ at 2 days and IL-2 at 8 days in response to in vitro stimulation with rubella virus at MOI of 5. TNF-α was also assayed at 8 days in response to in vitro stimulation with rubella virus at MOI of 0.05. PHA (5 µg/mL) was used as a positive control.
The limits of detection for cytokines, based on the lowest standard, were 4.7 pg/mL (IL-6, GM-CSF, IFN-γ, and TNF-α), 7.8 pg/mL (IL-2, IL-4, IL-5, and IL-10) and 31.3 pg/mL (IL-12p40).
increasing carriage of minor allele A for rs9610 (IL10RA+ 14903G>A) located in the 3′UTR of IL10RA (Table 2) .
TNFA haplotype associations with rubella-specific antibodies
The Haploview output of SNPs genotyped within the TNFA gene and their common haplotypes associated with rubella antibodies are shown in Fig. 1 . Carriage of TNFA haplotype AAACGGGGC was significantly associated (p<0.001) with higher (t-statistic=3.32) rubella antibodies, while the presence of GTGCGGGGC, GTGAAGGGA, and GAGAAGGGA were associated with lower levels of (p values between 0.02 and 0.03) rubella antibody.
Cytokine and cytokine receptor SNP associations with rubella-specific inflammatory (IL-6, TNF-α, and GM-CSF) secreted cytokines Specific cytokine and cytokine receptor SNPs associated (p≤ 0.01) with secreted levels of rubella-specific inflammatory cytokines, IL-6, TNF-α, and GM-CSF, are shown in Table 3 . SNPs in the TNFRSF1B and IL12B genes were associated with rubella-specific IL-6 secretion levels. Minor alleles for five intronic SNPs (rs5745993, rs17882988, rs472093, rs5746059, and rs590977) in the TNFRSF1B gene were codirectionally associated with an allele dose-related increase in rubella-specific secreted IL-6 levels, while homozygous minor allele variant for intronic SNP rs474247 in the same gene was associated with higher IL-6 secretion in response to rubella stimulation. Similarly, minor alleles for an intronic (rs2569253) and promoter region (rs1422876 and rs6868898) SNPs in the IL12B gene were associated with an allele dose-related increase in secreted IL-6 levels, while minor alleles in an intronic region (rs730691) in the same gene were associated with an allele dose-related decrease in rubella-specific IL-6 secretion. Another intronic SNP in the IL12B (rs2546893) gene was significantly (p=0.009) associated with variable levels of IL-6 secretion. However, after adjusting for FDR, none of the SNPs remained significant. Four significant (p ≤ 0.01) associations were found between cytokines (rs2069778-IL2 and rs739718-IL5) and cytokine receptors (rs2834211-IFNGR2 and rs9610-IL10RA) SNPs and secreted levels of GM-CSF in response to rubella stimulation (Table 3 ). All associations had a predisposition for a decrease in GM-CSF levels with increasing counts of minor alleles in a dose-related manner. A single intronic SNP (rs12483293) of the IFNAR1 gene was associated with a minor allele dose-related increase (p=0.005) in rubella-specific TNF-α levels (Table 3) . TNFRS1B and IL12B haplotype associations with rubella-specific IL-6 secretion The Haploview output for the genotyped SNPs in the TNFRSF1B and their common haplotypes associated with rubella-specific IL-6 secretion are shown in Fig. 2 . TNFRS1B haplotype GGCTAAGGAAAATAGA was significantly associated (p=0.001) with lower levels of (t-statistic=−3.24) rubella-specific IL-6 secretion, while the presence of AAGCCGCGATCCCGAG was associated (p=0.008) with higher (t-statistic=2.64) secretory IL-6 levels. Additionally, a promoter region IL12B haplotype TAG was associated (p= 0.008) with higher (t-statistic=2.66), while CAA haplotype was associated (p=0.009) with lower (t-statistic=−2.61) IL-6 secretion in response to rubella virus stimulation (Fig. 3) .
Cytokine and cytokine receptor SNP associations with rubella-specific Th1 secreted cytokines Specific cytokine and cytokine receptor SNPs associated with rubella-specific Th1 cytokines (IL-2 and IFN-γ) are shown in Table 4 . Increased carriage of major allele T for Fig. 1 Only associations with p≤0.01 are included in the table rs2243115 (IL12A-564T>G) located in the 5′ intergenic region containing the promoter, and other regulatory elements of IL12A was associated with a dose-related decrease (p= 0.002) in IL-2 secretion levels. The SNPs rs6870828 (IL12B+ 5278T>C) and rs4787947 (IL4R-32760T>G) were associated with variations in IL-2 secretion response. Major alleles for rs1800693 located in the intronic region of TNFRSF1A and rs10811469 located in the promoter region of the IFNB1 gene were also associated with an allele dose-related increase in IL-2 secretion levels. These SNPs did not remain significant after adjusting for FDR. Overall, six SNPs were significantly associated (p≤0.01) with rubella-specific secreted IFN-γ levels (Table 4) . Minor alleles for two intronic SNPs, rs3024560 and rs4787948, located in the IL4R gene were associated with overall lower IFN-γ secretion. The minor allele for intronic SNP rs4252279 (IL10RA+10004C>T) was associated with an allele doserelated increase (p=0.007) in IFN-γ secretion in response to rubella stimulation. Major alleles for rs9976971 located in the promoter region of IFNGR2 and rs4252287 located in the intronic region of IL10RA were associated with an allele doserelated decrease in IFN-γ secretion. Finally, minor allele T for intronic SNP rs17860160 from the IFNAR2 gene was associated with an allele dose-related decrease (p=0.009) in rubella-specific IFN-γ secretion (Table 4) . However, after adjusting for FDR, none of the SNPs remained significant.
Discussion
Immune responses to vaccination are influenced by genetic heterogeneity in immune response genes. Several recent Fig. 2 The linkage disequilibrium output for TNFRSF1B SNPs from Haploview. a The r 2 plots with the r 2 values inside each box are shown for TNFRSF1B gene. Six intronic SNPs (rs5745993, rs17882988, rs472093, rs5746059, rs474247, and rs590977) in the TNFRSF1B gene were associated with rubella-specific secreted IL-6 levels. Strong LD (r 2 =0.97) was observed between rs5745993 and rs17882988. The r 2 color scheme is as follows: white (r 2 =0), shades of gray (0<r 2 <1), and black (r 2 =1). b Common TNFRSF1B haplotypes and association analysis with rubella-specific IL-6 secretion, based on the SNPs reported in panel a (# Mayo Clinic 2010) studies, including our own, emphasize the role of polymorphisms in the non-HLA genes, primarily cytokine and cytokine receptor genes, in mediating differential immunological outcomes in response to viral vaccines and infections (Hollegaard and Bidwell 2006; Dhiman et al. 2007 Dhiman et al. , 2008 Hennig et al. 2008; Hohler et al. 2005; Stanley et al. 2007; Ovsyannikova et al. 2008 ). In the current study, we focused our efforts on Th1/Th2 and inflammatory cytokines and their corresponding receptor genes, carefully selected based on known or likely influences of polymorphisms in these candidate genes on rubella virus antigen processing and presentation and effector T and B cell responses. Our central hypothesis is that genetic variations in these key immunoregulatory genes translate into increases or decreases in the effector molecules leading to heterogeneity in immune response to rubella vaccination.
Our study identified genetic variations in inflammatory cytokine and cytokine receptor genes significantly associated with variations in antibody and CMI responses to rubella vaccination. Two (rs2844482 and rs2857708) of the four SNPs with significant p and q-value associations with antibody response were located in the 5′ regulatory region of the TNFA gene. Of particular interest is rs2844482 (TNFA-3752 C>T), which is a tagSNP binned together with three other promoter region SNPs (rs2857706, rs2009658, rs1800630) that are in pairwise LD (r 2 ≥ 0.90) with rs2844482, suggesting they are highly correlated variants with similar allelic frequencies and hence similar associations with the outcome of antibody response to rubella. The minor allele variant for rs1800630 has been reported to enhance promoter activity by ∼2-fold via minor allelespecific binding of ubiquitous transcription factor OCT-1, resulting in the subsequent upregulation of TNFA expression (Hohjoh and Tokunaga 2001) . A contrasting study determined that the minor allele variant for rs1800630 had 10-fold reduced binding affinity for the immunoregulatory element NF-κB and could translate into lower TNFA gene activity (Udalova et al. 2000) . These contradictory functional studies indicate multifaceted effects of SNPs in the TNFA promoter region, with possible cooperative allelic effects of multiple SNPs in functional haplotypes. An additional SNP in the regulatory region of the IL6 gene also had significant p and q-value associations with a rubellaspecific antibody response; however, the functional significance of this SNP is unknown. The secreted levels of IL-6 in turn were primarily associated with intronic and promoter region SNPs in the TNFRSF1B and IL12B genes, while those of TNF-α were coupled with genetic variation in the IFNAR1 gene suggesting a predominant role of inflammatory cytokine-genetics in regulating overall response to the rubella vaccine. Additionally, we identified specific haplotypes resulting from SNPs in TNFA, TNFRSF1B, and IL12B genes that were associated with increases or decreases in rubella antibody levels and IL-6 secretion. The overall secretion of IL-2 and IFN-γ was modest with little differences in cytokine secretion at genotypic levels to draw any strong conclusions. Fig. 3 The linkage disequilibrium output for IL12B SNPs from Haploview. a The r 2 plots with the r 2 values inside each box are shown for IL12B gene. Two promoter (rs1422876 and rs6868898) and three intronic (rs2569253, rs730691, and rs2546893) SNPs from the IL12B gene were associated with IL-6 secretion. No strong linkage was observed among the genotyped SNPs in this gene. The r 2 color scheme is as follows: white (r 2 =0), shades of gray (0<r 2 <1), and black (r 2 =1). b Common IL12B promoter region SNP (rs1422876, rs7709212, and rs6868898) haplotypes and association analysis with rubella-specific IL-6 secretion (# Mayo Clinic 2010) In the same cohort, we previously reported a predominance of inflammatory cytokine response post-vaccination with marked TNF-α and IL-6 production ), both of which are central mediators to T cell functions directly, and cross-talk between T cell and other immune cells to mediate B cell functions indirectly (Croft 2009; Jones 2005; Romagnani 2006; Larosa and Orange 2008) . TNF-α is the front-line antiviral cytokine that acts as a trigger for "innate immune pathways" and IL-6 is the critical "immunological switch" that directs the innate host immune system to progress towards an adaptive response (Croft 2009; Jones 2005; Romagnani 2006; Larosa and Orange 2008; Bartee et al. 2008) . We observed that rubella stimulation leads to overall suppression of Th1/Th2 responses and an immune-deviation towards inflammatory cytokines (IL-6 and TNF-α; Dhiman et al. 2009 ), a perfect cytokine milieu for Th17 phenotype development, which is an area of interest in numerous viral infections (Steinman Rowan et al. 2008; Patera et al. 2002; Ndhlovu et al. 2008 ). In the current study, we have identified key geneticvariants that may play a role in modulating secreted levels of IL-6 and TNF-α and hence the outcome of immune response to rubella vaccination. The underlying mechanism is still unknown; however, several hypotheses may be postulated to explain how differential regulation of secreted inflammatory cytokine levels due to these genetic variations can influence effector immune response. The TNF superfamily has been identified as a potent trigger for NK cell activation, eosinophil recruitment, and Th2 cytokine production (Fang et al. 2008) . The inflammatory cytokine milieu is conducive to expanding the cytokine repertoire in lymph nodes and hence boosting effector cell functions (Katzman and Fowell 2008) . Induction of the Th17 phenotype prevents viral elimination via inhibiting apoptosis and cytotoxic T cell responses and promotes viral persistence in the host (Hou et al. 2009 ), thus making it available to induce a protective response. In addition, some specific haplotypes identified in our study within the candidate genes we tested or extended haplotypes with additional immune function genes (e.g., TNFA is in LD with HLA-DQA1 and -DQB1 genes) may confer synergistic effects (Shin et al. 2008; Louka et al. 2003 ). An effective immune response may require multiple signals and potential "checkpoints" that regulate the levels of transcription and translation within the genetic composition of cytokine and cytokine receptor genes. The primary strength of our study is the homogenous nature of our study cohort consisting of primarily Caucasians, which is representative of the US white population. Our sampling area, Olmsted County, MN, has exceptionally high vaccine coverage and no circulating wild-type rubella virus giving us confidence that we measured immunity specific to rubella vaccine and not disease. Another key strength of our study is the robust SNP selection approach, SNPPicker. It can post-process SNP panels from multiple sources and populations into a statistical framework that can furnish a comprehensive tagSNP list and circumvent single-SNP assay failures at the same time.
However, without further confirmation, our findings should not be extrapolated to non-Caucasian races due to non-transferability of haplotype tag sets across populations. Another restraint was the modest sample size. This resulted in a lower power to detect relatively small associations. Finally, the number of tests performed in this study is moderately large. Because of this, we chose a more stringent p value of 0.01 as a cut-off to minimize the potential number of false-positive results. Using this cut-off point, we had a slightly higher number of statistically significant associations than expected by chance alone (33 vs. 30), but type I errors are still a legitimate concern. Thus, any results reported here need to be validated in a replication study (Rodriguez-Murillo and Greenberg 2008; Chanock et al. 2007; Ioannidis et al. 2003) , and we are in the process of reconfirming these associations in a larger cohort.
In conclusion, we can say that specific genetic polymorphisms in the TNFA, TNFRSF1B, and IL12B genes appear to be involved in the variations in immune responses to rubella vaccination either directly or indirectly by modulating the activity of other cytokines, such as IL-6. We plan on confirming these variants in a replication cohort, fine-mapping/re-sequencing the regions of interest and determining their functional relevance. We would also like to assess the extended haplotypes of identified genes (e.g., TNFA is in LD with HLA-DQA1 and -DQB1 genes) in order to identify synergistic effects that SNPs in different genes might have on rubella vaccine response. Identification of such "genetic fingerprints" can be used to predict vaccine response and help design appropriate vaccination strategies and are a key to the development of predictive vaccinology and vaccinomics (Poland et al. 2007 ).
